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Abstract. For safe driving it is an inevitable precondition that the driver 
possesses a correct mental representation of the current traffic situation, the 
situation model. This mental representation not only involves a representation 
of objects and situational features relevant to the driver’s behaviour, but also the 
driver’s expectations about the future development of the traffic situation. A 
concept that describes the processes and the factors influencing them is 
situation awareness (SA) [1]. Until now the cognitive mechanisms underlying 
situation awareness have been far from properly understood. In this paper we 
propose a process model of situation awareness that views the construction of 
the situation model as a comprehension process comparable to discourse 
comprehension. Two experiments will be presented briefly that address some 
predictions derived from this model. The last section of the paper describes a 
current project that aims at implementing this model in the cognitive 
architecture ACT-R. 

1   Introduction 

Performance in dynamic situations is highly influenced by how well the operator 
knows what is currently going on around him and how well he can predict the 
development of the situation in the near future. The processes involved in 
constructing and maintaining such a mental representation of the current situation that 
forms the basis for the operator’s decisions and actions are described in the concept of 
situation awareness [1]. According to [1] situation awareness entails “the perception 
of the elements in the environment within a volume of time and space, the 
comprehension of their meaning and the projection of their status in the near future” 
(p. 36). This concept was successfully applied in the last decade to human factors 
issues in aviation, nuclear power generation, or military combat systems. Only 
recently it has been introduced to the analysis of driving behaviour [2], [3], [4]. This 
was at least in part driven by concerns that have been raised about the effects of novel 
driving assistant and information systems. Models of situation awareness in the 
driving context have been developed to assess the impact of such assistant and 
information systems on driver’s situation awareness and their consequences for 
driving behaviour and driver’s safety [2], [4]. For safe driving it is necessary that 
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drivers perceive, identify, and correctly interpret the relevant objects and elements of 
the current traffic situation and that they construct expectations about the future 
development of the current situation to adapt their own driving behavior to the 
situation. Such elements may be other traffic participants, the surface of the street, or 
traffic signs. For example, if a driver wants to perform a lane change to the left to 
overtake a slower lead car on a motorway a lot of different aspects of the current 
traffic situation, such as the own vehicle’s current speed, the speed of the lead car, the 
distance of other cars on the left lane, their speed, the road conditions, have to be 
taken into account. Additionally the driver has also to consider how the situation will 
develop in the near future, for example is the vehicle on the left going to slow down 
to let the driver perform the lane change or not. And finally, also global aspects have 
to be considered, such as is the exit to take to reach the driver’s destination already so 
near that overtaking may lead to missing this exit and therefore it is better not 
overtake. 

1.1   Situation Awareness 

According to [1] situation awareness serves three functions. The first function involves 
the perception of the status, the attributes, and the dynamics of the relevant situation 
elements. The second function, comprehension, aims to integrate the different situation 
elements into a holistic picture of the situation, resulting in the comprehension of the 
meaning of the different elements. The third function of situation awareness is to 
anticipate future developments of the current situation to be prepared for these 
developments. These anticipations are based on the mental representation of the 
situation constructed by the comprehension function. The resulting representation, the 
situation model, consists of an integration of the environmental input with the operator’s 
goals, anticipations, and knowledge and his/her previous situation model before the new 
environmental input was perceived. This already implies that the situation model is not 
a static structure but a dynamically changing representation that is continually updated. 
It is the basis for the selection of new actions and strategies. The updated situation 
awareness will trigger certain actions that might lead to the perception of new pieces of 
information as these actions change the task environment or because they comprise the 
sampling of new pieces of information. In either case the perception of these new pieces 
of information will again change the current situation model. This will again trigger new 
actions and so on. 

1.2   A Comprehension Based Model of Situation Awareness 

Endsley’s model [1] of situation awareness has stimulated a great number of studies 
on situation awareness and it is certainly one of the most influential ones to date. 
Nevertheless, Endsley’s model is a descriptive model of situation awareness. that 
identifies and describes different cognitive resources and mechanisms that might be 
involved in constructing and maintaining situation awareness. But her model is rather 
vague about the nature of these processes and how the different functions of situation 
awareness are realized. For example her model does not explain what kind of 
processes underlie the anticipation of the situation’s development in the near future. 
Endsley’s [1] model of situation awareness does not address how this is accomplished 
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beyond “through knowledge of the status and dynamics of the elements and the 
comprehension of the situation” ([1] p. 37). The goal of our research project is to 
describe the processes that underlie the construction and maintenance of situation 
awareness in more detail using empirically confirmed models and theories from 
cognitive psychology research. This model is described in more detail in [2] and we 
will only sketch this model here focusing on the construction and maintenance of the 
situation model and leaving out how this situation model can form the basis of action 
selection. 

Fundamental to our approach is Kintsch’s [5] Construction-Integration theory of 
text comprehension as we view the construction and maintenance of situation 
awareness as a comprehension process. Perceived information activates knowledge 
stored in long-term memory (LTM) that is linked to the perceived information. From 
this activated knowledge network a coherent representation is constructed by a 
constraint-satisfaction process. This process constrains the spreading of activation 
leading to the activation of compatible and to the suppression of incompatible 
knowledge elements of the activated knowledge network. The result is a coherent 
mental representation of the current situation, the situation model. For example, an 
event such as a traffic light turning yellow might activate at first two incompatible 
interpretations, “I have to decelerate to stop before the traffic light” and “I have to 
accelerate to pass the crossroads before the traffic light turns red”. These two 
interpretations might receive additional activation from other knowledge elements. 
For example, if the driver knows that the police monitor this crossroads, that 
knowledge will additionally activate the deceleration interpretation and at the same 
time inhibit the acceleration interpretation. With this additional activation the 
deceleration interpretation “wins” and the acceleration interpretation will be inhibited. 
The experienced driver’s knowledge presumably also includes expectations about the 
future development of situations that are linked to certain types of situation and are 
activated when these types of situations, such as approaching a traffic light, are 
encountered. In this sense the same process that serves the comprehension function of 
situation awareness also serves the prediction function, especially in routine driving 
situations for which the driver already acquired relevant knowledge. 

1.3   Empirical Investigation of the Model 

A series of experiments was conducted to test different aspects of the comprehension 
based model of situation awareness. In this paper only some results can be 
summarized to demonstrate the usefulness of this approach. We will present the 
results of one experiment where the availability of the situation model as a function of 
different possible influence factors was examined. In the second experiment the role 
of WM in the process of anticipating the future development of a traffic situation was 
examined. 

Experiment 1: The effect of experience and information relevance on the 
availability of the situation model 

Situation awareness and the theory of long-term working memory 
As shown in the overtaking example above a substantial amount of information has to 
be encoded, comprehended and integrated into a mental representation of the current 
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situation. Because of the amount and the complexity of the information that has to be 
represented in the situation model, such as the position and speed of other vehicles 
near to the own vehicle, traffic rules defined by signs, the status of the road surface 
and so on, it is assumed that the situation model contains much more information than 
can be kept active in working memory. But for the construction process to result in a 
coherent and consistent situation model it is necessary that when new information is 
perceived those parts of the situation model relevant for the interpretation of this new 
piece of information have to be available in working memory [6], [7]. Therefore a 
mechanism is necessary that allows to keep this information stored in long-term 
memory but makes this information reliably available for processing when it becomes 
relevant. 

The theory of long-term working memory (LT-WM) describes a mechanism [8] 
that could provide such a function. According to LT-WM theory “cognitive processes 
are viewed as a sequence of stable states representing end products of processing […] 
acquired memory skills allow these end products to be stored in long-term memory 
and kept directly accessible by means of retrieval cues in short-term memory” ([8], p. 
211). These retrieval cues are arranged into stable retrieval structures that can have 
many different forms depending on the domain. In the case of driving such retrieval 
structures might be based on the huge amount of driving situations an experienced 
driver encountered. The experienced driver possibly developed many highly 
differentiated schemata of driving situations that allow him to easily identify many 
different types of driving situations. Such a mechanism might, for example, at least in 
part explain why experienced drivers are much better and much faster in identifying 
dangerous traffic situations than less experienced drivers [9], [10], [11]. If then a 
certain driving schema is activated, such as the “overtaking schema”, given the 
appropriate cues in the traffic situation, such as a slower lead vehicle on the current 
lane, the experienced driver can much more easily associate the different features of 
the current overtaking situation with this global “overtaking schema” to instantiate 
this global schema in the current situation. Associated with this memory structure that 
is stored in long-term memory (LTM) the newly perceived information becomes part 
of the situation model but is at least in part stored in LTM. Any retrieval cue that 
retrieves the instantiated overtaking schema into WM retrieves all information 
associated with this schema into WM and makes the information available for further 
processing. 

This mechanism allows that the capacity limitations of WM can be overcome as 
task-relevant information that is represented in the driver’s situation model can not 
only be stored in WM but can also be stored in LTM. In this case, information about 
the current situation kept in WM and the information connected to this information 
via this schema establish LT-WM.  

Applying the theory of LT-WM to situation awareness allows making specific 
predictions about the effect of different factors on the availability of the driver’s 
situation model. In an experiment several of these factors were examined: the driver’s 
experience, the relevance of the information, the duration how long information has to 
be kept available, and whether the driver has available retrieval cues to access 
information encoded in LT-WM. First, experienced drivers possessing a huge amount 
of knowledge about traffic situations should be able to use the LT-WM mechanism to 
encode driving related information much more efficiently than less experienced 
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drivers can do. Therefore experienced drivers should show a better memory 
performance for driving related information than less experienced drivers. Second, the 
retrieval structures of experienced drivers should be adapted to encode task-relevant 
information. Therefore it is predicted that the advantage of experienced drivers 
compared to less experienced drivers in keeping driving relevant information 
available should be greater when this information is highly relevant than when it is 
less relevant. Third, the availability of information encoded in the retrieval structures 
depends on the presence of retrieval cues in WM. As experienced drivers should 
possess more of these structures and more differentiated retrieval structures they 
should be able to take better use of retrieval cues than less experienced drivers. 

Experimental procedure 
These predictions were tested in a driving simulator experiment where participants 
had to drive on a three-lane highway. The simulation was interrupted repeatedly and 
participants were asked about a crucial aspect of the traffic situation, namely the 
arrangement of cars around the participant’s car. This was done by asking the 
participant about the number of cars on different locations around the participant’s 
car, for example on the left lane behind the participant. Two groups of drivers were 
tested: 20 experienced and 20 less experienced drivers. The length of the delay 
between interruption and recall was either long (20 sec) or short (2 sec). After the 
interruption, filled with a WM task to prevent rehearsal, either a high informative or a 
low informative retrieval cue was presented. Additionally the relevance of the 
information that was to be recalled was manipulated. The participant either had to 
remember the number of cars from a position highly relevant for the current driving 
manoeuvre or from a position less relevant.  

Summary of results and discussion 
The results of this experiment provide some indication that LT-WM is indeed 
involved in situation awareness processes while driving. Whereas experienced drivers 
were as much affected by the length of the interruption interval as less experienced 
drivers, contrary to our prediction, experienced drivers showed a clear effect of 
relevance of information whereas less experienced drivers did not. Furthermore, 
experienced drivers indeed tended to profit more from retrieval cues as these cues 
support the retrieval of both highly task-relevant information and less relevant 
information. Inexperienced drivers profited from retrieval cues only when relevant 
information was cued, not when less relevant information was cued. This means first 
that experienced drivers seem to be able to encode more traffic information while 
driving than inexperienced drivers which is in accordance with results of studies 
relating the visual scanning behaviour of drivers with their experience (e.g., [10]). 
Second, this also is in accordance with the assumption that experienced drivers are 
able to use retrieval cues more efficiently because they possess more and better 
differentiated retrieval structures [2], [12]. 

The reason that experienced and less experienced drivers were affected by the 
length of the interruption to the same degree might stem from the dynamics of the 
driving task itself to which the retrieval structures are adapted. The high dynamics of 
the driving task on the manoeuvre level [13] make it inefficient to store information at 
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this level for longer time periods. The arrangement of cars around one’s own car 
certainly belongs to the manoeuvre level. This arrangement changes rather fast and 
the representation one has constructed is certainly irrelevant after 20 sec. Therefore, 
experienced drivers may possess retrieval structures that have the relevant positions of 
cars in the current traffic situation as slots, such as “car from left behind?” as part of 
the “overtaking” or the “lane change left” schema. The contents of these slots are 
continuously updated while driving so that the previous content is lost after an update 
process occurred. This seems highly plausible as the required action in a given traffic 
situation is basically determined by the current situation or its probable future 
development, and not by its past. The better performance of experienced drivers in 
terms of encoding relevant information may then be due to the fact that their retrieval 
structures better reflect the differences between different types of traffic situations in 
terms of relevant positions.  

Experiment 2: The role of WM for the anticipation of traffic events 

Situation awareness and working memory 
The comprehension based view of situation awareness emphasizes the importance of 
WM resources for the construction and maintenance of situation awareness besides 
visual attention. The integration of new information into the situation model, the 
updating of the model, and the use of the situation model as a basis for action 
selection all need working memory resources.  

According to this model newly perceived information from the environment is 
comprehended by the activation and integration of knowledge in LTM that is 
associated with the new information. An important subset of such associated 
knowledge is expectations about the future development of the situation acquired by 
the driver previously. For example perceiving a warning sign announcing a 
construction site ahead might activate the expectation that the lane ahead is somehow 
blocked. If so, the driver might adapt speed accordingly. But for this process to run 
properly the relevant knowledge has to be retrieved from LTM to be available in WM. 
Only information available in WM can be associated and integrated with other pieces 
of information. Therefore, the availability of this knowledge as well as the availability 
of WM resources is necessary for the construction of a consistent and coherent 
situation model involving also the relevant expectations about the future development 
of the situation. Imposing cognitive load on the driver withdraws necessary resources. 
The looked-but-did-not-see phenomenon is an example of the interference of 
cognitive load with situation awareness. In this case the cognitive load by an 
additional task leads to an incomplete comprehension of one or more situation 
elements. This then might lead to an inappropriate action selection of the driver. 

Experimental procedure 
An experiment was performed to test the assumption that cognitive load impairs the 
generation of expectations about the future events in a traffic situation. In this 
experiment 48 participants drove through a scenario that contained both predictable 
and non-predictable events. These events were designed to be exactly equivalent 
besides that in the predictable version a warning sign warned the driver of the 
upcoming event. The reaction to the event when the participant was warned was 
compared to the reaction when the driver was not warned. 



198 M.R.K. Baumann and J.F. Krems 

The participants were divided into three groups. In the first group the participants 
had to perform no secondary task while driving, in the second group and third group 
they had to perform cognitively loading tasks. In the second group they had to 
perform an auditory monitoring task that should less interfere with the activation of 
relevant knowledge in LTM and the comprehension processes. In the third group the 
participants had to perform a running memory task that should interfere with  
the activation of knowledge and especially with the comprehension processes. In the 
monitoring task participants had to react as fast as possible to an auditory signal that 
was presented with either after a long or a short time interval after the previous signal. 
Using only two randomly presented interstimulus intervals this tasks induces a strong 
tendency for rhythmic responding that would lead to errors, mainly too early 
responses. To avoid these errors one has to constantly suppress rhythmic tapping that 
draws on WM resources but not on resources that are involved in the comprehension 
process. 

In the running memory task [14] participants heard a constant stream of letters (one 
letter every 2 sec) and they had to remember the current last three letters presented. 
As the end of the sequence is not known this task requires that the set of letters kept in 
WM is constantly updated. Performing this task involves WM functions that should 
also be highly involved in maintaining and updating a proper situation model. 
Therefore, this task should interfere with the comprehension processes. 

We assumed that participants driving the scenario without performing a secondary 
task should clearly benefit from the warning signs in the predictable events. The benefit 
from warning signs should be reduced when participants had to perform an additional 
task while driving. And the reduction of this benefit should be greater when participants 
had to perform the running memory task than when they had to perform the monitoring 
task, as the memory task should interfere more with the comprehension and prediction 
function of situation awareness than the monitoring task. 

The experiment was run in the high fidelity driving simulator of TNO in 
Soesterberg, Netherlands. The driving scenario consisted of a rural road. Participants 
were instructed to drive with an approximate speed of 80 km/h. There were four 
critical events per drive where the participant’s lane was blocked by an obstacle, for 
example by a construction site. In two of these events the driver was given 
information to predict the obstacle, in the other two the driver did not receive such 
warning information. Each participant drove the scenario only once. 

Summary of results and discussion 
A more detailed presentation of the results is given in [19]. One of the measures we 
examined was the Time to Collision (TTC) at the moment the driver released the 
throttle to brake after passing the location where the obstacle first became visible (see 
Table 1). As participants being prepared to the obstacle should have already reduced 
their speed after seeing the warning signal and should brake earlier than participants 
that did not comprehend the warning signal fully, TTC for prepared participants 
should be larger than for unprepared. And as stated above this difference should be 
greatest in the no secondary task condition and lowest in the updating memory 
condition. The results show that this is the case confirming the predictions. Whereas 
the difference between the predictable and the non-predictable obstacle is 1.57 sec in 
the no secondary task condition, it is 0.8 sec in the monitoring task condition and 0.58 
sec in the memory updating condition. 
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Table 1. Mean values of Time To Collision 

  no 
secondary 

task 

monitoring 
task 

memory 
updating 

task 
no sign 3.69  3.75 3.66 TTC at first throttle release after 

roadblock is visible in sec sign 5.26  4.55 4.24 

 
The same pattern of results was found examining the speed of the participants 

when they release the throttle to brake in front of the obstacle. When the event is not 
predictable the speed is not different between the no secondary task condition and the 
two secondary task conditions. There is a significant difference in speed between 
these conditions in case of a predictable obstacle. Participants in the secondary task 
conditions were driving faster when they started to brake than participants in the no 
secondary task condition, indicating that these participants were less prepared to the 
obstacle despite the warning sign. The greatest difference in speed could be found in 
the no secondary task condition, 12.6 km/h, a medium difference in the monitoring 
condition, 5.9 km/h, and the smallest in the memory updating condition, 4.8 km/h. 
Again this indicates that participants in the memory updating condition had the 
greatest difficulties to comprehend, integrate, and react to the warning sign. 

Implementation of the Comprehension Based Model of Situation Awareness 

In a current project at DLR this comprehension based model of situation awareness 
will be implemented in ACT-R [15]. ACT-R is a cognitive architecture consisting of a 
set of modules each dedicated to the processing of a certain kind of information. 
Examples of such modules are the visual module for the processing of objects in the 
visual field, the manual module for controlling the hands, the declarative module for 
the retrieval of information from memory, and the goal module necessary to keep 
track of goals and intentions [15], Each module is associated with a buffer where a 
limited amount of information is deposited and can be accessed by a central 
production system. This central production system coordinates the exchange of 
information between the buffers. It recognizes patterns in these buffers and changes 
the contents of these buffers, for example when it makes a request for a manual 
response such as a turn to the left on the steering wheel.  

This architecture was successfully used to model a number of tasks in different 
domains. Of special importance for this project is Salvucci’s ACT-R Integrated 
Driver Model [16]. This model consists of three primary components: control, 
monitoring, and decision making. The control component manages those perceptual 
and motor processes necessary for longitudinal and lateral control. The monitoring 
component manages the maintenance of situation awareness, and the decision 
component controls whether tactical decisions, such as the initiation of a lane change 
maneuver, have to be made based on the information gathered by the control and the 
monitoring component. As our focus is on the implementation of the situation 
awareness model our modeling activities will primarily address the monitoring and 
the decision making component. In its current version the situation model of [16] 
driver model primarily represents the location of other vehicles around the  
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ego-vehicle. The sampling of the different locations is based on a random sampling 
model of the four locations (left and right lane, either backward or forward) that 
samples each location with equal likelihood.  

In a first step the knowledge base of the ACT-R driver model will be extended to 
allow the modeling of novice and experienced drivers in the motorway driving 
scenario that was used in Experiment 1. In this experiment assumptions about the 
different knowledge structures between novice and experienced drivers were used to 
predict the differences in recall performance. Implementing these assumptions in the 
ACT-R cognitive architecture will allow to test these assumptions much more 
precisely. For this it is necessary to add in a second step a comprehension process to 
the monitoring component of the driver model that is based on Kintsch’s [5] 
construction-integration theory (see [17]) so that the model’s situation model not only 
includes information about the locations adjacent to the ego-vehicle based primarily 
on perceptual processes, but also information about the relevance of these locations 
derived from the driver’s intentions and knowledge. The comprehension process 
serves to integrate this information with the perceived information. This in turn will 
allow to replace the random sampling strategy of [16] driver model with a sampling 
model that is based on the information represented in the driver model’s situation 
representation. The different knowledge structures of simulated novice and 
experienced drivers should lead to differences in the situation model. As ACT-R 
already provides a detailed theory about memory processes, such as how the 
activation of chunks in the declarative memory is increased and decays, ACT-R can 
then be used to make predictions about the recall of different elements of the situation 
model in a simulated recall procedure analogous to the one used in Experiment 1 with 
human subjects. These can be compared to the empirical results of Experiment 1 to 
test the adequacy of the assumptions about the underlying differences between novice 
and experienced drivers made in Experiment 1.  

In a following project phase the effects of secondary tasks on the construction of 
the situation model especially on the anticipation of events in a traffic situation as 
examined in Experiment 2 will be the focus of modeling activities. For this a 
multitasking model (e.g., [18]) will be combined with the comprehension process 
model to test the assumptions underlying the interpretation of the results of the 
Experiment 2. 
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